Replication of the 50 and 58 moles per cent guanine plus cytosine (%GC) components of R factor 222 in Proteus mirabilis during growth in the presence and absence of chloramphenicol and after shifting exponential-and stationaryphase cells to conditions which inhibit host protein or deoxyribonucleic acid (DNA) synthesis was examined. Chloramphenicol reduced the growth rate but increased the amount of both R-factor components; the 58% GC component showed a larger proportionate increase. This was inferred to indicate reduced synthesis of an inhibitor that acts on both R-factor components and an initiator for replication of the 50% GC component. Replicative patterns observed after shifting exponential-and stationary-phase cells grown with or without chloramphenicol to minimal medium or chloramphenicol for one generation, or puromycin for 3 hr, corroborated this interpretation. After shifts of exponential cells from either medium, replication of the 50% GC components paralleled host replication, thus indicating a requirement for protein synthesis; replication of the 58% GC component increased due to reduced inhibitor synthesis. Rfactor DNA remained constant after shifting stationary cells from drug-free medium, thus indicating that the cells contained effective concentrations of the regulatory inhibitor, whereas increased replication of the 58% GC component occurred after identical shifts of chloramphenicol-grown cells of the same chronological age. Similar responses were observed after shifts to 5 C or to medium containing streptomycin or tetracycline. Absence of replication of the 50% GC component after shifting to medium containing nalidixic acid or phenethanol and its hereditary persistence during growth indicated that the 50% GC replicon was attached to the membrane. Thus, in P. mirabilis the three replicons of R factor 222 are regulated as follows: The composite and transfer portion (RTF) replicons represented by the 50% GC component require protein synthesis and membrane attachment and are negatively regulated by an inhibitor; the 58% GC or resistance-determinants replicon exists cytoplasmically and is subject only to negative control.
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Drug-resistance factors (R factors) are infectious extrachromosomal genetic elements which are freely transmissible to a variety of pathogenic and nonpathogenic gram-negative bacterial hosts (2, 30). R factors confer resistance to a broad range of antibiotics as well as certain colicins and heavy metals (23, 30) . Genetically, these autonomous units of inheritance possess many properties of bacterial episomes; chemically, they are composed of double-stranded deoxyribonucleic acid (DNA; see references 8 and 26) .
The molecular nature and replicative behavior of some R factors vary dramatically in different bacterial hosts (4, 8, 26) . In Escherichia coli and Serratia marcescens, some fi+ R factors are composed of 50 to 52 moles per cent guanine plus cytosine (%GC; see references 8 and 26) and replicate as a single genetical unit (4, 9, 22) . They can be isolated as covalently closed circular molecules, a high proportion of which are super-twisted covalently closed circular structures, with a molecular weight of about 60 x 106 to 70 x 106 daltons (4, 22) . In these hosts, replication of most fi+ R factors is stringently controlled and is closely associated with host-cell division (4, 22) . R-factor DNA comprises about 4% of the total extractable DNA which represents one to two copies per host chromosome (4, 9, 22) . In contrast, in R+ Proteus mirabilis harboring the fi+ R factors Rl, R6, or 222, two satellite Rfactor DNA bands at densities corresponding to base compositions of 50 to 52% GC and 58% GC are observed by using the technique of CsCl density-gradient centrifugation (4, 8, 26) . With R factor 222, two molecular species of Rspecific DNA with contour lengths of 29 and 36 ,um are found in the 50 to 52% GC band; the 58% GC band is composed of DNA molecules with a contour length of 6 um (21) . The largest species is apparently identical to the 34 ,um composite R-factor molecule seen in E.
coli (22) . Of the two smaller molecular species, one has a molecular weight of about 50 x 106 to 54 x 106 daltons and a base composition of about 50% GC; the other is about 10 x 106 to 12 x 106 daltons and is composed of about 58% GC (9, 21) . The suggestion by Nisioka et al. (21) that these smaller components are subunits of the larger species appears likely in light of recent studies with Rl and R6 in which the 50% GC component was identified as the transfer portion (RTF; see references 4, 5, and 28) and the 58% GC component as the drugresistance determinants (R determinants; see references 4 and 28) .
The proportion of the three molecular species and number of R-factor copies vary in the Proteus host over the bacterial growth cycle (9, 13) and under conditions which selectively interfere with protein and host DNA synthesis (15) . R-factor DNA may comprise up to 50% of the total extractable DNA under certain growth conditions (13, 15) . Two models have been proposed to explain the stringent and relaxed replicative behavior of fi+ R factors in Proteus. According to the model of Rownd et al. (25) , drug-resistance genes of R factor 222 dissociate and reassociate with the RTF to provide a means by which the number of copies of R determinants can be regulated. However, this model is not consistent with many of the molecular results published by other investigators for the 222 and the related Ri and R6 fi+ R factors (4, 9, 15, 21) and does not, in fact, conform to the molecular species measured by electron microscopy (4, 21) . In a model that we proposed recently, the individual R-factor components function as independent replicons which are subject to differential regulation (15) . This report describes our studies on the regulation of fi+ R factor 222 replication in P. mirabilis and the differential effects of various inhibitors and cultural conditions on the replication of the R-specific components.
MATERIALS AND METHODS Bacterial strains and R factors. A strain of P. mirabilis harboring a derepressed mutant of R factor 222 was used for these studies. The P. mirabilis culture was obtained from H. J. Welshimer (Department of Microbiology, Medical College of Virginia, Richmond, Va.); E. coli K-12 substrain CSH-2 [methionine-(met-), proline-(pro-)] bearing the fi+ R factor 222 (R-222) which confers resistance to chloramphenicol (CAM), streptomycin, tetracycline, sulfadiazine, and spectinomycin was kindly provided by T. Watanabe (Department of Microbiology, Keio University School of Medicine, Tokyo, Japan). From a culture of E. coli carrying R-222, a derepressed R-222 was selected by the procedure of Meynell and Datta (20) . The P. mirabilis (R-222) strain was isolated from a 12-hr mating of CSH-2 (R-222) and P. mirabilis in Penassay broth (PAB; Difco) at 35 C by plating on MacConkey (Difco) agar containing 25 ,g of CAM per ml. A single clone was selected, and the presence of R-222 was verified by assaying for antibiotic resistance and the conjugal transfer of the R-222 to R-E. coli K-12 substrain CSH-2 (met-, pro-) chromosomally resistant to 1,000 ,ug of nalidixic acid per ml. The P. mirabilis (R-222) isolated was maintained at 4 C on Penassay agar (PAA) slants containing 20 gg each of CAM and streptomycin per ml.
Cultural conditions. P. mirabilis (R-222) was cultured in PAB with or without the indicated additives unless otherwise noted. PAB cultures (1 liter) were inoculated with about 106 cells from an 18-hr culture grown in PAB plus 25 gg of CAM per ml and incubated at 35 C on a gyratory shaker (New Brunswick) at 125 rev/min. Shift experiments were conducted by mixing 500 ml of prewarmed PAB containing the indicated additive with 1 liter of a 12-or 24-hr culture followed by continued incubation for the indicated interval. In shifts to minimal medium, PABcultured cells collected by centrifugation at 30 C were suspended in 500 ml of prewarmed minimal medium (6) (26) , the 50% GC, and the 58% GC R-factor components, respectively (9) . RESULTS Molecular nature of R factor 222 in P. mirabilis. Density profiles from tracings of ultraviolet absorption films after CsCl isopycnic centrifugation of DNA isolated from P. mirabilis and P. mirabilis harboring R factor 222 are shown in Fig. 1 . Only a single, unimodal, symmetrical band corresponding to a buoyant density of 1.697 g/cm3 was observed in R-P. mirabilis DNA (Fig. 1A) . DNA from P. mirabilis (R-222) showed, in addition to the genome band, two satellite DNA bands with densities of 1.710 and 1.718 g/cm3, corresponding to 50 and 58% GC, respectively (Fig.  1B) . Only a single chromosomal DNA band was observed in R-P. mirabilis, regardless of the phase of growth or cultural conditions. In contrast, the DNA isolated from R+ P. mirabilis always contained two satellite R-factor DNA bands, corresponding to 50 and 58% GC, although the relative amounts of R-factor DNA in each band varied considerably under different cultural conditions.
In the experiments to be described, the effect of the physiological state of the P. mirabilis host and various cultural conditions which selectively interfere with protein or DNA synthesis on the replication of R-222 were examined by monitoring the percentage of the R-factor DNA satellite bands relative to the host chromosomal band. A series of typical ultraviolet film tracings illustrating the variation in the percentage of total R-factor DNA and changes in quantities of the 50 and 58% GC R-factor components is shown in Fig. 2 . In Fig. 2A , the total extracted DNA contained 36% R-factor DNA which was composed of 79 copies of the 58% GC and 16 copies of the 50% GC R-factor components per P. mirabilis genome equivalent. A comparison of Fig. 2A and 2B shows that the variation in percentage of R-factor DNA was not necessarily associated with a change in the composition of the Rfactor DNA, although the relative amounts of each R-factor component can vary, as shown by a comparison of Fig. 2A and 2B with 2C and 2D. Regardless of the amount of R-factor DNA, or of the proportion of each R-factor component contained in the DNA preparation, the buoyant densities (p = 1.718 and 1.710 g/cm3) of the R-factor satellite bands did not change.
Effect of physiological age of R+ P. mirabilis and CAM in the growth medium on Rfactor replication. Table 1 shows the variation in R-factor DNA content in R+ P. mirabilis during growth in the presence and absence of CAM. After growth in drug-free PAB for 12 hr, R-factor DNA comprised 16% of the total extracted DNA; the 50% GC and 58% GC components were, proportionately, 65 and 35% of the total R-factor DNA, respectively. This corresponded to seven copies of the 50% GC and 19 copies of the 58% GC components per P. mirabilis genome. Total R-factor DNA reached a maximum of 22% after 24 hr, which represented 9 copies of the 50% GC and 36 copies of the 58% GC components. Copies of the 50% GC replicon remained relatively constant between 24 and 72 hr, whereas the number of 58% GC components decreased to a constant level of about 30 after 36 hr of incubation.
When 25 ,ug of CAM/ml was included in the growth medium, the results shown in the right half of Table 1 (0) were enumerated by plating on MacConkey agar. Ratios of copies per P. mirabilis genome equivalent of the 58% GC to the 50% GC components in Penassay broth (0) and Penassay broth plus 25 pg of chloramphenicol per ml (*) were calculated by using the molecular weights given in Table 1. the observed maximal percentage of R-factor DNA (36%; Table 1 ). In this medium, however, the 58% GC: 50% GC ratio continued to increase from 4.9 after 36 hr to 7.5 and 8.1 after 48 and 72 hr, respectively, suggesting a more relaxed regulation of 58% GC replication. Assay for CAM activity in the growth medium showed that less than 5 ,ug of CAM/ml remirabilis genome, mained after 24 hr of incubation, whereas no CAM was detectable after 36 hr. Although not shown, turbidimetric measurements of growth paralleled the viability curves for each culture, and viable counts obtained when 25 ,ug of CAM/ml was added to the enumeration medium were 25 to 30% lower between 9 and 36 hr of incubation, indicating the presence of a significant number of viable sensitive cells during this growth interval in each medium.
The observed doubling in the number of copies of each R-factor replicon in R+ P. mirabilis when grown in the presence of low CAM concentrations suggested that CAM may act by interfering with the production of an inhibitor, thus allowing increased R-factor replication. Also, the increased 58% GC: 50% GC ratio in CAM-grown cells during the exponential and stationary phases of growth indicated that, under these conditions, regulation of 58% GC replication was more relaxed.
Relationship between the physiological state of R+ P. mirabilis and R-factor replication after shifting to medium containing CAM. The differential effects on R-factor replication observed when cells grown in low CAM concentrations were shifted to PAB containing high CAM concentrations are summarized in Table 2 . After one generation in 25 yg of CAM/ml, the percentage of R-factor DNA in exponential-phase cells increased from 17 to 25, which reflected primarily a doubling in the number of 58% GC replicons. The number of 50% GC copies remained constant whereas the 58% GC: 50% GC ratio increased to 8.6. In contrast, stationary-phase cells decreased in percentage of R-factor DNA from 31 to 24 after shifting to a high CAM concentration, due entirely to a reduction in 50% GC copies from 13 to 7. In both instances, the increased 58% GC: 50% GC ratio again indicated more relaxed 58% GC replication. Thus, it appeared that low CAM concentrations reduced the synthesis of some inhibitor but still allowed R-factor replication. In high CAM concentrations, where the rate of protein synthesis was abruptly reduced during the first generation, 50% GC replication was most affected.
After shifting exponential-phase cells, 50% GC replication paralleled host genome replication; 50% GC replication was almost completely inhibited after shifting stationary cells to the higher CAM concentration. This suggested that protein synthesis was required for 50% GC replication.
If R-factor replication is regulated in a negative manner, the inhibitor must attain effective concentrations during the early stationary phase in cells grown in drug-free medium to stop 58% GC replication. Thus, one would predict that exponential-phase, PAB-grown cells would not have significant levels of inhibitor and that increased R-factor replication would occur upon shifts to high CAM concentrations unless positive control (initiator synthesis) was required. On the other hand, in identically cultured stationary-phase cells in which effective inhibitor and maximal R-factor DNA levels had been obtained, both R-factor replicons would be inhibited and differential R-factor replication would not occur upon shifting to CAM. Table 3 shows the results of such an experiment. Rapid 58% GC replication occurred in the exponential-phase cells after shifting to CAM, as predicted, but 50% GC replication did not increase. Thus, initiator synthesis appears to be necessary for 50% GC replication. No increased R-factor replication occurred during the shift of stationary-phase cells to CAM, and the 58% GC :50% GC ratio remained constant as compared to the rise in ratio to 9.6 in the exponential-phase cells. These results are consistent with the hypothesis that stationary-phase cells contain inhibitor at levels sufficient to prevent rapid replication of the 58% GC component and, under these conditions, replication of each R-factor component parallels genome replication during the first generation.
In another experiment, R+ P. mirabilis cells were grown in PAB containing a higher concen- tration of CAM (100 ,ug/ml). Under these conditions, few 50% GC copies could be detected after 24 hr of incubation, even though R-factor DNA comprised 25 to 30% of the total extracted DNA. However, after 36 hr of incubation, R-factor DNA content increased to 40 to 45% of the total extracted DNA, and 50% GC copies reached a level of 10, whereas 58% GC copies increased to 150 per genome equivalent. These data are concurrent with the predictions of the regulatory systems suggested from the shifts.
R-factor replication in RI P. mirabilis after shifting to minimal medium. On the basis of the previous results, it appears that 50% GC replication requires positive control and that both R-factor replicons are regulated in a negative manner. To eliminate the possibility that these effects were due only to some type of inductive phenomenon specific for CAM and not to reduction of protein synthesis, shifts to minimal medium, where the rate of protein synthesis abruptly decreased to the lower rate characteristic for the slower growth rate in minimal medium, were conducted. Table 4 gives the results obtained when exponential-and stationary-phase cells grown in the presence or absence of CAM were shifted to minimal medium for one generation. Exponential-phase cells cultured in PAB or PAB containing 25 ,g of CAM/ml both exhibited increased R-factor DNA due entirely to increased 58% GC replication after one generation in minimal medium. Increased 50% GC replication did not occur in either case. Although cells from both growth media contained about equal amounts of R-factor DNA before the shifts, a greater increase in percentage of R-factor DNA after one generation in minimal medium was noted in the CAMgrown cells. The differential effect of previous growth in medium containing CAM on Rfactor replication was also reflected by the increased 58% GC:50% GC ratios. Essentially, no change in either R-factor component was observed in stationary-phase, PAB-grown cells. In similar cells grown in CAM, 50% GC copies were reduced from 13 to 7, and 58% GC copies increased from 59 to 71. In these cells, it appears that replication of the 50% GC component was virtually inhibited. Thus, after one generation in minimal medium, total R-factor DNA content decreased only slightly from 31 to 28%, but the 58% GC: 50% GC ratio increased from 4.5 to 10.1. These data support the hypothesis that 50% GC but not 58% GC replication requires protein synthesis. Furthermore, the level of inhibitor which affects the replication of both R-factor components is higher in stationary-phase cells than in exponential-phase cells, and is also higher in more rapidly growing cells of the same chronological age, i.e., grown in PAB in contrast to PAB plus CAM. Effect of the physiological state of RI P. mirabilis on R-factor replication after inhibition of protein synthesis with puromycin. Variation in R-factor DNA content similar to that observed in shifts to high CAM concentrations or to minimal medium would be expected to occur in shifts to bacteriostatic concentrations of puromycin if the previous observations are directly correlated with protein synthesis inhibition. The results obtained when exponential-and stationary-phase cells cultured in the presence or absence of CAM were shifted to PAB containing puromycin (5 ug/ml) are given in Table 5 . As observed in minimal medium shifts, increased 58% GC replication occurred in exponentially growing cells from both media. In both cases, total Rfactor DNA and the 58% GC: 50% GC ratio increased, but 50% GC replication did not, after 3 hr in puromycin. No detectable change in R-factor DNA occurred in shifts with stationary-phase, PAB-grown cells as evidenced by the constancy in all parameters evaluated. In CAM-grown cells of the same physiological age, R-factor DNA increased to 49% of the total extracted DNA. This corresponded to 19 copies of the 50% GC and 172 copies of the 58% GC replicon per Proteus genome. Again, the doubling of the 58% GC:50% GC ratio indicated more relaxed 58% GC replication under these physiological conditions. The slight increase in the number of 50% GC copies observed after shifting stationary-phase, CAMgrown cells to puromycin might reflect the presence of preformed iuitiator. Thus, the similarity of effects observed after shifts to CAM, minimal medium or puromycin suggests that the means by which protein synthesis is inhibited is irrelevant to the subsequent effects on R-factor replication as long as the rate of protein synthesis is abruptly reduced.
R-factor replication in RI P. mirabilis after shifting to medium containing streptomycin or tetracycline. Increased R-factor DNA, concomitant with augmented 58% GC replication, has been previously reported to occur in RI P. mirabilis cultures grown in the presence of all antibiotics, except tetracycline, to which the R factor confers resistance (25) . The data presented in this report suggest that this effect is due to decreased inhibitor synthesis and the fact that replication of the 50% GC, but not the 58% GC component, requires protein synthesis. To clarify this point, stationary-phase cells cultured in either PAB or PAB plus 25 Mg of CAM/ml were shifted to PAB containing tetracycline or streptomycin (Table 6 ). Relaxed 58% GC replication occurred during shifts to either antibiotic, provided that R-factor replication had not already been naturally repressed. As shown in the top half of 58% GC:50% GC ratio occurred when stationary-phase, PAB-grown cells were shifted to either drug. In contrast, cells cultured in CAM before the shift showed increased 58% GC but not 50% GC replication after 3 hr in tetracycline. Percentage of R-factor DNA remained constant, but the 58% GC:50% GC ratio increased to 8.4 . Similarly, the number of copies of the 58% GC component remained constant after shifting to streptomycin, and the 58% GC:50% GC ratio increased as a result of preferential replication of the 58% GC component. Selective replication of the 58% GC Rfactor component after shifting RI P. mirabilis to 5 C. Additional evidence that 50% GC but not 58% GC replication requires initiator synthesis was obtained in shifts to 5 C (Fig. 4) . As shown in Fig. 4A , in cells cultured in drugfree PAB before the shift, a gradual increase in R-factor DNA from 22 to 29% occurred during 15 days at 5 C. This increased R-factor DNA content was a result of 58% GC replication exclusively and reflected the increase in 58% GC copies from 36 to 75. The viable population of RI P. mirabilis cells did not change. A more rapid increase in 58% GC replication occurred in cells grown in CAM (Fig. 4B) . In these cells, R-factor DNA comprised 43% of the total extracted DNA after 10 days at 5 C. This represented 14 copies of the 50% GC and 139 copies of the 58% GC component per host genome equivalent, or a 58% GC: 50% GC ratio of 9.9. Again, 50% GC replication was not observed. After 15 days at 5 C, the viable count of RI P. mirabilis grown in PAB plus CAM had decreased by approximately 90%, and the remaining cells contained less total R-factor DNA with an increased 58% GC: 50% GC ratio.
Differential replication of the R-factor components after shifting to medium containing phenethyl alcohol or nalidixic acid: effect of physiological state of the R+ P. mirabilis cells. The data in Table 7 show that, under certain predictable physiological states of the R+ P. mirabilis culture, relaxed 58% GC replication can occur in the presence of inhibitors of host DNA synthesis. When exponentialphase cells grown in PAB with or without CAM were shifted to PAB containing inhibitory concentrations of either nalidixic acid or phenethyl alcohol, R-factor DNA increased. The increase was due primarily to 58% GC replication, and the 58% GC: 50% GC ratios rose to 8 to 10. In stationary-phase PAB-grown cells, replication of neither R component was observed, as would be expected if both replicons were naturally repressed. After shifting to phenethyl alcohol, CAM-grown stationaryphase cells increased in R-factor DNA content, owing entirely to the increase in the number of 58% GC copies from 59 to 111. When similarly cultured cells were shifted to nalidixic acid for 3 hr, 50% GC copies were reduced in half, whereas 58% GC copies remained constant, resulting in a decreased percentage of total Rfactor DNA but an increased 58% GC: 50% GC ratio. As previously observed after shifts to CAM, minimal medium, puromycin, and 5 C, the uncontrolled replication of the 58% GC R component was lethal to about 99% of the phenethyl alcohol-inhibited host cells.
Since nalidixic acid and phenethyl alcohol do not affect protein synthesis under these conditions (15) , absence of 50% GC replication is (0) is expressed as a percent of the total DNA extracted. Copies per P. mirabilis genome equivalent of the 50%o GC (0) and 58% GC (O) components were calculated by using molecular weights given in Table 1 . Viability (0) was determined by plating on MacConkey agar. apparently due to some other effect. This might reflect the necessity of a maintenance on replication site for the 50% GC replicons on the host membrane (23) , since phenethyl alcohol has been shown to interfere with chromosomal DNA attachment and initiation in E. coli (16, 17) .
DISCUSSION
Investigations on the genetic and molecular nature of R factors have resulted in the confusing paradox that autonomous replication of these extrachromosomal elements is regulated differently in various hosts (4, 9, 13-15). The results presented in this report confirm many observations of previous investigators and provide additional evidence for our original proposal that R-factor replication in P. mirabilis is subject to both positive and negative control (15) . In our model, one regulatory system is analogous to the repressor-operator model of Jacob and Monod (12) in which a specific cytoplasmic repressor or inhibitor acts negatively to inhibit DNA replication; the other is a posi- tive-type regulation in which a specific regulator functions in the initiation of DNA replication (11, 16) . To avoid confusion with the previously described R-factor-coded transcriptional repressor for pili synthesis (20) , we have referred to the negative regulatory product as an inhibitor, rather than a repressor. According to our working hypothesis, the fi+ R factor 222 exists in P. mirabilis not only as three separate molecular DNA species, but more importantly, as also suggested by others (5, 9, 21), three independent replicons: the composite R factor, the region controlling transfer functions (RTF), and the unit consisting of the drug-resistance determinants. Inherent in this model is the proposal that R factors replicate by the rolling circle model for DNA replication as formulated by Gilbert and Dressler (10) and recently suggested as a mechanism for plasmid replication by Novick (23) . Based on the rolling circle model, we envision that replication of the composite molecule proceeds from the RTF or 50% GC portion in one of two ways: (i) complete replication to yield another composite molecule (as occurs principally in E. coli (4, 9, 22) ; or (ii) scission at the RTF terminus to produce 50% GC (RTF) and 58% GC (R determinants) replicons, both of which are capable of either further replication or supercoil formation (4, 21, 28) . The composite R-factor molecule and RTF replicon have a common maintenance site on the cytoplasmic membrane, and both code for at least two distinct cytoplasmic regulators: one acts in a positive manner on the composite and RTF replicons; the other functions as a repressor to inhibit replication of all three replicons. Thus, the R determinants replicon is subject only to negative regulation, does not require a specific membrane attachmentmaintenance site, and would be predicted to undergo a malignant type replication in the absence of inhibitor synthesis.
In contrast, Rownd et al. (13, (24) (25) (26) have proposed that replication of this R factor in P. mirabilis is only under positive control and that variation in the observed amount of each R-factor satellite band is a result of some undescribed mechanism of association-disassociation between the RTF and R determinants. According to their model, the R determinants or 58% GC component is not an independent replicon and the amount of RTF and R determinants synthesized and their association or disassociation to yield molecular species with densities between 1.712 and 1.718 g/cm3 is affected only by the drugs, with the exception of tetracycline, to which the R determinants code for resistance. The remainder of this discussion will entail an analysis of the data presented in this report and by other investigators as they apply to our model and to the model proposed by Rownd and co-workers.
Comparison of the amount of total R-factor DNA and the proportion of each R-factor component in R+ P. mirabilis grown in drugfree PAB to values observed in PAB containing 25 mg of CAM/ml strongly suggests that a specific cytoplasmic inhibitor is involved in the regulation of R-factor replication. Since both R components increased in the number of copies per host genome at the slower growth rate in CAM, this inhibitor must act on both the 50 and 58% GC replicons. Thus, in CAM-grown cells, where the generation time was 50 min, maximal R-factor DNA was observed later in the stationary phase than in PAB-cultured cells and was increased by 64%, as evidenced by the increased number of both replicons per Proteus genome equivalent. We interpret these data to mean that in drugfree PAB, where the cells are dividing with a generation time of 45 min, the inhibitor attains significant levels between 12 and 24 hr and normally represses R-factor replication during this interval. In the presence of CAM, synthesis of the inhibitor is reduced during the exponential phase, the number of copies of both R-factor replicons are increased, and only after a delay, which corresponds to inactivation of the CAM, are effective inhibitor concentrations attained. This interpretation is consistent with the observed effects of the physiological state of the Proteus host cells on the replication of the R components after shifting to conditions that reduced or inhibited protein synthesis.
The increased 58% GC:50% GC ratio and the proportionate decrease in 50% GC R-factor DNA (Table 1 ) observed in R+ P. mirabilis grown in the presence of CAM indicate that CAM also acts to reduce differentially the replication rate of the 50% GC replicon. Combined with the observations from the various shift experiments that protein synthesis is required for RTF replication, it appears that growth in CAM affects R-factor replication in two ways: reduced synthesis of an initiator required for 50% GC replication and reduced synthesis of an inhibitor that acts on both the 50% GC and 58% GC replicons. Since similar and predictable replicative patterns of the Rfactor components were observed after shifts to all conditions that reduced or inhibited protein synthesis, it seems unlikely that the effects are related to something other than changes in the synthesis of a protein initiator and inhibitor. These results are contrary to the proposal of Rownd et al. (13, 25) that changes in the proportions of the R-factor components are due to an inductive type of phenomenon specific for the drugs to which the R-factor determinants confer resistance. Based on their proposal, it would be difficult to visualize how puromycin, a highly specific inhibitor of protein synthesis (29) and a drug to which the R factor does not confer resistance, can produce effects comparable to those observed with CAM, streptomycin, and tetracycline. Similarly, their model does not explain the differential replication rate of the R components observed after shifting to minimal medium and 5 C.
In these studies, the number of copies of each R-factor component was calculated by using the molecular weights for the R-factor components reported by Falkow et al. (9) . Accordingly, the R determinants replicon is one-fifth the size of the RTF, and one might expect, on a theoretical basis, a 58% GC:50% GC ratio of 5 if both replicons are equally sensitive to the inhibitor and possess similar requirements for initiation. Comparatively, the molecular weights reported by Nisioka et al. (21) would give a theoretical ratio of 4.5. When the data (Table 1) showing 19 copies of the 58% GC component to 7 copies of the 50% GC component (ratio 2.7) are recalculated by using the latter molecular weights [54 x 106 daltons for 50% GC; 12 x 106 daltons for 58% GC (21) ], values of 15 and 6 for the 58% GC and 50% GC components (ratio 2.5) are obtained. Although the number of copies of each component is disproportionately reduced when the larger values for molecular weight are used, our conclusions would not be affected, since the calculated and theoretical ratios are decreased proportionately. Deviations from the predicted ratio might reflect the following: replication of the composite R-factor molecule, which by our methodology would be quantitated as 50% GC R-factor DNA; a DNA extraction procedure more efficient for isolation of one of the Rfactor components; or a differential regulation of the RTF and R-determinants. Since the composite species only accounted for a significant amount of the total R-DNA during the early exponential growth phase (4, 9) , and similar 58% GC : 50% GC ratios in DNA preparations isolated by other methods from Proteus cells under comparable conditions have been reported (9) , the first two possibilities appear unlikely. Furthermore, the fact that the few composite molecules present would be quantitated as 50% GC replicons or the possibility that one component was more efficiently isolated would have little, if any, effect on the overall interpretation of these results.
When DNA is fragmented to any appreciable extent during isolation, as occurs with Marmur's procedure (18) , quantitation based on relative band areas after CsCl centrifugation necessitates the assumption that the DNA species are intramolecularly homogeneous with respect to base composition. No increase in band width, which would be indicative of heterogeneity in base composition, for either R component was observed during these studies. In addition to justifying the above assumption, these observations also indicate that few, if any, of the heterogeneous composite molecules were present.
During these studies, only two R-factor DNA bands were detected in R+ P. mirabilis. Although the proportion of the total R-factor DNA in each band varied considerably, no change in buoyant density of either band was observed (Fig. 2) . In contrast, Rownd et al. (13, 25, 26) have reported that, upon transferring R+ P. mirabilis from drug-free medium, where only the 50% GC component was detectable, to drug-containing media, intermediate molecular species with densities between 1.712 and 1.718 g/cm3 were observed eventually shifting to a density of 1.718 g/cm3 as a result of a transition phenomenon of association-disassociation between the RTF and R genes. A reciprocal back transition was also observed. If changes in the proportion of the R-factor components in the presence and absence of drugs or under various physiological states of the host cells were a consequence of the phenomenon of RTF-R determinants association-disassociation, one would expect a rather constant amount of total R-factor DNA at all times, and especially after shifts that inhibit replication of either R-factor component. In these studies, however, total R-factor DNA increased substantially in the stationary phase of growth, after shifting to 5 C, and in the presence of inhibitors of protein and nucleic acid synthesis. Furthermore, the changes observed in the amounts of 50% GC and 58% GC R-factor DNA after the shifts do not correlate with the results predicted for an associationdisassociation mechanism. Possibly, differences in the Proteus host, or in the methods of isolation and analysis of the DNA, may account for the lack of agreement between these results and those of Rownd et al. (13, 25) .
In theory, the rolling circle model of replication could produce dimers or trimers of a par-347 VOL. 109, 1972 on November 2, 2017 by guest http://jb.asm.org/ PUNCH AND KOPECKO ticular replicon and, at any point in the division cycle, one might expect to find linear or circular molecules of varying lengths in either the single-stranded or duplex state (10) . This prediction is consistent with the variety of DNA fragments in purified R-factor DNA observed by Rownd and co-workers (25) .
Two lines of evidence suggest that the 50% GC replicons have maintenance sites: inhibition of 50% GC replication when shifted to phenethyl alcohol or nalidixic acid, which affects genome-membrane attachment and initiation of DNA synthesis in E. coli (1, 16, 17) , and the hereditary persistence of either the RTF or composite molecule (23) . In contrast, replication of the 58% GC replicon was not inhibited by these agents and during the exponential to early stationary phase of growth, about 25 to 30% of the viable cells were sensitive, i.e., had apparently lost the R determinants. As discussed by Jacob et al. (11) , a membrane maintenance site is necessary to ensure the segregation of an extrachromosomal element to all daughter cells. Even 60 copies per cell of an element which lacks a maintenance site are not sufficient to ensure hereditary stability (23) .
The replicative characteristics of the R determinants are similar in many ways to the replication of T, phage. Although both parental and progeny phage DNA are associated with the cell membrane throughout the eclipse period and protein synthesis is not required, the phage DNA is subsequently detached during the synthesis of mature phage (7) . This correlation provides additional evidence for the postulated phage etiology of the R determinants by previous investigators (2, 9, 26, 30) .
Replication of the 58% GC component was not prevented by bacteriostatic concentrations of any inhibitor of protein or DNA synthesis tested nor by shifts to physiological conditions that inhibited protein and chromosome synthesis. In exponential-phase cells or early stationary-phase cells grown in PAB plus CAM, where R-factor replication had not yet been naturally repressed, the benign replication of the 58% GC component became malignant when the Proteus cells were subjected to any bacteriostatic condition. Thus, interference with the synthesis of the regulatory inhibitor coded by the RTF or complete R factor eliminated all regulatory control over the R determinants. These observations provide the first such description of episomal interaction at the regulatory level of replication.
The proposal that the loci for inhibitor synthesis and initiator synthesis are most likely located on the 50% GC portion (RTF and composite R-factor replicons) is based on several observations. In addition to the points mentioned above, replication of these molecular species under different physiological states of the host is more closely associated with host genome replication, and to date only segregants containing the composite molecule or RTF have been isolated. The latter point also suggests that production of the inhibitor is not a genetic property of the host and that the loci for positive and negative control are genetically linked, i.e., on the same replicon.
Although the model presented may be superficially simple, it does make certain testable predictions. One such prediction is that the 58% GC replicon cannot exist stably in P. mirabilis cells in the absence of the regulatory inhibitor coded by the RTF, since a lethal vegetative type of replication would occur. This might be reflected in the lysis observed in R+ P. mirabilis in the stationary phase of growth and after shifts that allowed selective replication of the R determinants and might explain our inability to date to isolate such a culture. The model also affords an explanation for the distinctly different replicative pattqrns of this
